Abstract During expedition MARIA S. MERIAN MSM57/2 to the Svalbard margin offshore Prins Karls Forland, the seafloor drill rig MARUM-MeBo70 was used to assess the landward termination of the gas hydrate system in water depths between 340 and 446 m. The study region shows abundant seafloor gas vents, clustered at a water depth of $400 m. The sedimentary environment within the upper 100 m below seafloor (mbsf) is dominated by ice-berg scours and glacial unconformities. Sediments cored included glacial diamictons and sheet-sands interbedded with mud. Seismic data show a bottom simulating reflector terminating $30 km seaward in $760 m water depth before it reaches the theoretical limit of the gas hydrate stability zone (GHSZ) at the drilling transect. We present results of the first in situ temperature measurements conducted with MeBo70 down to 28 mbsf. The data yield temperature gradients between $388C km 21 at the deepest site (446 m) and $418C km 21 at a shallower drill site (390 m). These data constrain combined with in situ pore-fluid data, sediment porosities, and thermal conductivities the dynamic evolution of the GHSZ during the past 70 years for which bottom water temperature records exist. Gas hydrate is not stable in the sediments at sites shallower than 390 m water depth at the time of acquisition (August 2016). Only at the drill site in 446 m water depth, favorable gas hydrate stability conditions are met (maximum vertical extent of $60 mbsf); however, coring did not encounter any gas hydrates.
Introduction
Widespread methane plumes have been observed at the upper western Svalbard continental margin (Figure 1) in the water column between 80 and 415 m water depth (Sahling et al. 2014; Westbrook et al., 2009 ) revealing a maximum abundance around the 400 m isobath. This accumulation of gas emission sites was initially interpreted by Westbrook et al. (2009) to be the result of gas hydrate dissociation in response to recent bottom water warming, but dating of the associated authigenic carbonates showed that gas seepage at some of these locations had been ongoing for several thousands of years (Berndt et al., 2014) .
The R/V MARIA S. MERIAN cruise MSM57/2 in late summer of 2016 was set to collect new data in the region of gas venting off Svalbard to further constrain the interaction of fluid/gas flow from the sediments into the water column, and the gas hydrate dynamics in relation to bottom water temperature changes. It is important to understand how gas hydrate reservoirs will react to future increases in bottom-water temperature, and if such warming may trigger a sudden release of methane leading to accelerated climate warming. Current understanding of Earth's potential future climate predicts an amplification of warming especially for Arctic regions (e.g., Intergovernmental Panel on Climate Change, 2007) . Earlier studies about possible feedback mechanisms between methane from gas hydrate reservoirs and climate change have led to the formulation of the clathrate gun hypothesis by Kennett et al. (2003) . However, there is considerable uncertainty and debate on how much methane from destabilized gas hydrates may actually reach the atmosphere (see e.g., review by Ruppel & Kessler, 2017) . Studies of the feather-edge of gas hydrate stability along the western and eastern US continental margin as well as the US Beaufort Sea suggested ongoing changes to the gas hydrate system from recent bottom water warming (e.g., Hautala et al., 2014; Johnson et al., 2015; Phrampus & Hornbach, 2012; Phrampus et al., 2014) , similar to the hypothesis by Westbrook et al. (2009) or Thatcher et al. (2013) . However, all these studies lack in situ data on geothermal gradients, sediment thermal conductivity, and presence (or absence) of gas hydrates with depth. Here, we report on the first drilling and in situ temperature measurements through the shallow feather-edge of the gas hydrate system off Svalbard (Figure 2) . We combine the new data from these measurements with sediment-derived porosity and pore-fluid data to develop a better understanding of the dynamic gas hydrate system, model the temporal evolution of gas hydrates along the continental margin and estimate the extent of the current and past gas hydrate stability zone. Data from long-term bottom water temperature changes (Berndt et al., 2014) already suggested a seasonal variability and fast-changing extent of the gas hydrate system. However, these previous studies lacked measurement-based constraints of the deep geothermal gradients.
Geological Setting The western Svalbard margin (Figure 1 ) is the result of Early Eocene oblique rifting between Eurasia and Greenland as the north Atlantic opened (Eldholm et al. 1987; Faleide et al., 1996) . The heterogeneous geomorphology of the area is a result of glacial activity during the Pliocene and Pleistocene transition (Knies et al., 2009; Solheim et al., 1998) . During this geological time, the Svalbard-Barents Sea icesheet retreated and advanced repeatedly, sometimes reaching the shelf break. The analysis of prograding Figure 1 . Location of study region in the Fram Strait (inset) and bathymetric map of study region (compiled from numerous cruises, details see Acknowledgments) at the upper continental margin slope west of Prins Karls Forland. MeBo drill holes at six sites occupied during MSM57 are shown as black dots (see Table 1 for details). Gas emission sites (red circles) were taken from Sahling et al. (2014) . Solid black line is location of seismic data shown in Figure 2 . Blue dot indicates location of the long-term observatory site MASOX (Berndt et al., 2014) . The black dashed line is the approximate location of the theoretical maximum extent of the sI gas hydrate stability zone as constrained from the temperature data and modelling applied for the time of the MSM57 expedition (see Table 2 for details).
glacigenic sequences suggests that major glacier advances at the Svalbard continental margin happened at peak glaciations during the last 3.2 million years (Landvik et al. 1998; Rajan et al. 2012; Sarkar et al. 2012) . The shelf break marks the approximate maximum extent of the ice coverage (Landvik et al., 2005) . The shelf was flooded as glacial ice retreated approximately 13,000 years ago. Sub-sea geomorphological features have been characterized and reported e.g., by Vanneste et al. (2007) , Rajan et al. (2012) , and Sarkar et al. (2012) , and include abundant, moraine ridges, ice-berg scours and circular to elliptical crater-like depressions (kettle-lake terrain) from isolated and stranded ice-bergs. Furthermore, negative-polarity bright spots in seismic data, zones of low acoustic velocity combined with high seismic attenuation suggest free gas accumulations below seafloor seeps (Ker et al., 2014; Sarkar et al., 2012) .
Data and Methods
The sea floor drill rig MARUM-MeBo70 was used for getting core samples of unconsolidated sediments and for conducting formation temperature measurements. A detailed description of this robotic drilling device is given in Freudenthal and Wefer (2013) . Sediment core samples were drilled with a wire line coring technique and a core diameter of 55 mm. Stroke length per core barrel typically was 2.35-2.5 m.
As the sediments consist of diamictons with large rock pieces of ice-rafted debris and hemipelagic sediments the geological conditions for drilling offshore Svalbard are challenging. Still, we reached a maximum drilling depth of 38 m.
Temperature Measurements With MeBo70
Core drilling was interrupted at distinct depths for conducting in situ temperature measurements in the MeBo bore holes using a miniature temperature data logger (MTL) built by 'Antares' (type 1854). The MTL was mounted into a cone tip pilot (Figure 3a) , that penetrates through the core drilling bit at the bottom end of the drill string. The electronics and battery of the MTL are located in a 16 mm housing above a 100 mm-long stainless steel tube with a diameter of 5 mm. The MTL records data every 3 s for a total of 48 h. Data acquisition is autonomous inside the MTL for the duration of deployment. After recovery, the temperature data were downloaded from the MTL including a time-stamp, raw resistivity value, and converted values of temperature. At pre-defined drilling-depths, the MTL was inserted by about 10 to 15 cm into the sediment, resulting in a frictional heating pulse (Figure 3b ) that then decays over time. The probe was left in the sediments for up to 10 minutes, and temperatures may reach equilibrium temperature of the The green-shaded polygon outlines the theoretically maximum possible region of stable sI gas hydrate at the time of expedition MSM57 using the new temperature data (August 2016) and modelling applied (see Table 2 for details). Blue dot corresponds to the MASOX observatory (Berndt et al., 2014) .
formation. However, as this is not necessarily always the case, we used an additional analysis-step to extrapolate the incomplete temperature decay curve to the equilibrium stage using a plot of temperature as function of reciprocal time. A linear fit to this data-curve then yields an estimate of the equilibrium temperature as the intersection of the linear fit at reciprocal time ''zero'' (i.e., infinity). Table 1 shows all estimated equilibrium in situ temperatures. Prior to the insertion of the temperature tool, the sediment surface at the drill bit experiences some cooling from the borehole being filled with seawater, which has approximately the temperature of the bottomwater. Modelling of this cooling process showed that temperature measurements with the MTLs (conducted typically 1 h after the last core is taken) may yield values up to 1 mK too cold for temperature differences of $18C between the true in situ conditions and the bottom water. The drilling-induced disturbance scales with the temperature difference between true in situ condition and bottom water temperature. Overall, the disturbance experienced during our experiment is in the order of the absolute measurement accuracy of the MTLs and therefore deemed negligible in the context of our study. Table 1 ). In total, 16 deployments of the temperature tool were completed during the drilling, out which twelve deployments yielded reliable in situ temperatures. Unsuccessful deployments were encountered mostly due to multiple frictional heat pulses when the probe was not stable within the sediments, so that no useful temperature decay could be observed. The in situ temperatures inferred from the successful tool runs were then used to define thermal gradients. These gradients were estimated without the seafloor temperature (in our case, seafloor temperature were around 3 6 0.18C along the drilling transect) as this value is changing seasonally. Thermal conductivities of the near-seafloor sediments were determined in previous experiments (Berndt et al., 2014) and showed values that increase with decreasing water depth. Thermal conductivity values are around 1.7 Wm 21 K 21 at water depths of 446 m (GeoB21633) and increase to $2.0
Porosity-Derived Thermal Conductivity
From the recovered sediments, sub-samples with a constant volume plug were taken to measure porosity. The plugs (including the lid) were weighed before sampling. Sediment samples were taken on board as soon as possible after core recovery to minimize moisture loss. In the laboratory at MARUM, the sedimentfilled plugs were weighed with the wet sediment inside, as well as after drying by lyophilization for 24 h. The difference in dry-and wet-weight was then used to define the water content of the sediments. Under the assumptions of constant volume per sample taken, a seawater density of 1,023 kg/m 3 for the pore-fluid, and a grain density of 2,500 kg/m 3 for the average sediment, porosity was calculated from the water content. With these assumptions and simplifications applied, the uncertainty of the porosity values is estimated to be between 5 -10%, depending on lithology (applicability of a uniform grain density value) and variations in pore-fluid salinity.
Thermal conductivity was measured in situ for near-seafloor sediments with a heat-probe along the MeBo drilling transect (Berndt et al., 2014) . Using the porosity values and simplified assumptions on lithology, the combined thermal conductivity k sed of the deeper sediment is then described in the absence of free gas and gas hydrate (using the expression for the geometric mean as an approximation of the effective thermal conductivity, following the argumentation of Huetter et al. (2008) based on Woodside and Messmer (1961) as:
with k solid and k fluid as thermal conductivity of the solid grains (5.0 Wm 21 K 21 ) representing a mix of sand and clay with drop stones. We chose those to match the average in situ measurements of thermal conductivity reported in Berndt et al. (2014) and pore-water with seawater salinity (0.58 Wm 21 K 21 ; Castelli et al., 1974; Sharqway et al., 2010) , respectively, and porosity F. Figure 4 shows the results of the calculation of thermal conductivity from the drilling-derived porosity values in the upper 10 m below seafloor in comparison to the data from the shallow deployments of the temperature probe (Berndt et al., 2014) .
Thermal Modeling Approach
We used the following energy equation to simulate heat flow considering multi-phase conduction:
where T is temperature, z is depth, t is time, C V is the volumetric thermal heat capacity of the solid-water mixture and k is the effective thermal conductivity calculated using equation (1). C V is defined as: Figure 4 . Calculated thermal conductivities using porosity values obtained from MeBo cores (black) within the upper 10 m below seafloor (mbsf) compared with directly measured thermal conductivities using a heat-probe (HP, orange symbols) from Berndt et al. (2014) . Site-nomenclature as in Figure 1 and Figure 2 ; all other site descriptors used in text see Table 1 .
where porosity (F) decreases down-core due to compaction while thermal conductivities and heat capacities of the individual phases (s: sediment grains, w: porewater) are assumed to be constant over depth ). An exponential function is used to describe the observed decrease in porosity with sediment depth (z):
A nonlinear fit through the porosity data yields the following parameter values: F i 5 0.52 6 0.03, F f 5 0.39 6 0.01, and p 5 0.12 6 0.05 m
21
. Eq. (4) combined with Eqs. (1) and (3) is used to calculate the depth profiles of thermal conductivity and heat capacity ( Figure 5 ) through the entire model-depth.
This model neglects any effect of latent heat from gas hydrate formation or dissociation as well as any advective terms. During expedition MSM57, we did not core gas hydrate at any of the sites visited. Additionally, the regional gradients in pore water sulfate concentration suggest a depth of the sulfate methane reaction zone of 5-6 m below seafloor (mbsf) (see e.g., Graves et al., 2017; Wallmann et al., 2018) . These sulfate gradients are balanced by methane fluxes that yield depths of >15 mbsf where methane would exceed the solubility threshold. Thus, the wide-spread gas hydrate formation would only be possible below such depths. This approach does not exclude, however, that there are local accumulations of gas hydrate below the seeps sites, where free gas escapes at the seafloor.
We applied a time-dependent bottom water temperature (T BW ) as the upper boundary condition. In August 2016, we registered a stable T BW value of 3.08C at 390 -450 m water depth while continuous temperature monitoring at 390 m water depth in 2010-2012 revealed a strong seasonality with minimum temperatures of 2-2.58C during May-June and maximum temperatures of 3.5 -48C during November-December (Berndt et al., 2014) . The long-term instrumental record indicates a trend of bottom water cooling from 1945 to 1980 followed by a temperature rise until 2010 (Ferr e et al., 2012) , where summer temperatures at 400 m water depth increased by about 18C (Westbrook et al., 2009 ). The T BW record applied as the upper boundary condition in our thermal model was constructed considering these observations (Figure 6 ). A constant geothermal heat flux was applied at the base of the model column located at 100 m sediment depth while the steady state solution of the heat equation (Eq. (2)) for T BW 5 38C was applied as initial condition. The model was solved numerically over the model period 1945-2016 using finite differences and the method-of-lines approach as implemented in MATHEMATICA's PDE solver. The heat flux applied at the base of the model column was varied in multiple model runs until the model output for the year 2016 was consistent with the sediment temperature data obtained during the cruise.
Results

Temperature Gradients
Four drill sites contain sufficient temperature data at depth to determine thermal gradients (Figure 7) . Seafloor temperatures were not used to extrapolate these gradients to shallower depths as the nearseafloor sediments are affected by strong seasonal temperature variations. During the measurements with a heat-probe in late summer 2012 (Berndt et al., 2014) , seafloor temperatures were in excess of 48C, higher than the temperatures determined with MeBo in late summer 2016. Overall, the thermal gradients from the MeBo data are relatively uniform at all sites and estimated values range from $358C km 21 at Site GeoB21643 to $418C km 21 at Site GeoB21632/39. Each temperature value is determined with high accuracy (10 24 8C) but the gradients do exhibit some uncertainty, partly because data were combined from different boreholes. Here, the uncertainties in the thermal gradients are 6108C km 21 and 658C km 21 , respectively. No uncertainty was derived for thermal gradients at Sites GeoB21632/39 and GeoB21643, where only two reliable temperature data points exist per drill site.
Extent of sI Gas Hydrate Stability Zone
The MeBo-derived temperature data define the vertical extent of the theoretical structure 1 (sI) gas hydrate stability boundary at the drill sites. Pore water freshening defined from the MeBo cores shows a decreasing trend with depth and pore water chlorinity is $6% lower than seawater (which is equivalent to a salinity of 32 PSU). Gas chemistry at all drill sites suggests methane as nearly exclusive hydrocarbon with higher hydrocarbons being present only in traces (Bohrmann et al., 2017; Sahling et al., 2014) . Using the phase boundary definition after Tishchenko et al. (2005) and assuming hydrostatic pressure using an average water density of 1,029 kg/m 3 we obtain the theoretical gas hydrate phase boundary shown in Figure 8 (and superimposed on the seismic data seen in Figure 2 ). The calculations show that only Site GeoB21633 in a water depth of 446 m was inside the gas hydrate stability zone in August 2016. Here, the depth of the base of gas hydrate stability is around 510 m total depth, or equivalent to 65 mbsf. Nevertheless, drilling and coring at this site did not recover any gas hydrates albeit at a core recovery of only $ 21.5%.
The reflection seismic data along the drilling transect do not show any typical marine bottom-simulating reflector (BSR, Figure 2 ). A reflection with reversed polarity is associated with an erosional unconformity that shows typical ice-berg scours when traced across the region. Drilling and coring with MeBo recovered a thick uniform sand layer at the depth of this reversed-polarity reflection. We interpret this sand layer as a glacial sand sheet that was deposited proximal to the ice edge during glacial retreat on top of the erosional unconformity into an underlying clay-and silt-rich unit. The presence of this significant change in lithology is likely sufficient for explaining the polarity reversal -although locally, this layer may also be charged with free gas giving rise to the bright-spots seen across the region (Ker et al., 2014) . Figure 9 shows the model results for drill site GeoB21632 at 391 m water depth as an example for all calculations performed at all drilling sites (see Table 2 for all results). The best fit to the temperature observations was obtained applying a basal heat flux of 108 mWÁm 22 corresponding to a geothermal temperature gradient of 508C km 21 at 100 m sediment depth. Uncertainties in these values are difficult to assess due to the assumptions applied (i.e., starting conditions of the temperature record, Figure 6 ). Based on the spread in porosity and calculated thermal conductivity values as well as thermal gradients, uncertainty in the obtained deeper thermal gradient unaffected by seasonal and decadal fluctuations is likely in the order of 10%.
Temporal Evolution of Dynamic Extent of sI Gas Hydrate Stability Zone
The temperature profile obtained with MeBo70 in 2016 reflects the previous cold period and deviates significantly from the steady state profile applied as initial condition (Figure 10 ). Seasonal T BW changes have a strong effect on the upper 10 m of the sediment column while the decadal T BW variability affects the sediment down to a depth of 80 m. The model was fitted to all temperature data measured at the Figure 8 . Phase diagram for gas hydrates (sI) using pure methane gas (Tishchenko et al., 2005) . Shown are the stability boundaries for two different in situ pore fluid salinities as well as the location of the MeBo temperature data from in situ measurements. Along the transect shown in Figure 2 , only data from the drill site in 446 m water depth (GeoB26133) are completely within the gas hydrate stability field. Only temperature and pressure data pairs for successful temperature measurements are shown. Figure 9 . Results of the thermal modeling for site GeoB21632, a geothermal heat flux of 108 mWÁm 22 was applied at 100 m sediment depth. Solid black dots indicate the two measurements obtained in August 2016 (see also Figure 7 ). investigated sites applying the same initial conditions. The geothermal heat flow calculated with this nonsteady state approach ranges from 93 to 123 mWÁm 22 and decreases with increasing water depth ( Table 2 ).
This observed trend is a local variation and not to be mistaken by the larger (regional) trend in heat flow discussed by Vanneste et al. (2005) , which is influenced by the presence of the nearby Knipovich Ridge and Molloy Fracture zone.
The dissociation pressure of sI gas hydrate (P Diss ) was calculated considering ambient sediment temperature and sulfate-free pore water with a salinity of 34.5 PSU (Tishchenko et al., 2005) . Hydrostatic pressure (P HySt ) was calculated from total depth (water 1 sediment depth) applying a gravitational constant of 9.83 m s
22
(given the latitude of the study sites), and a mean seawater density of 1,029 kg m 23 . Methane hydrates are stable where the in-situ pressure (P HySt ) exceeds the dissociation pressure (P Diss ). According to the thermal model, the strong seasonal change in bottom water temperature affects the stability of gas hydrates in surface sediments. High T BW values during winter inhibit gas hydrate formation in the uppermost layer while gas hydrates are stable during summer when T BW is low (Figure 11 ). During spring a subsurface temperature maximum may develop that separates the GHSZ in two distinct sublayers. The thickness of the GHSZ (e. g. total thickness of all sediment layers where methane hydrate is stable) varies on seasonal and decadal time scales (Figure 12 ). It follows the decadal bottom water forcing with a time lag of about 5 years that arises due to the warm initial condition (Figure 12 ), the slow heat transport, and the high thermal capacity of the bulk sediment ( Figure 5) . A permanent GHSZ develops during the cold period while gas hydrate is only intermittently stable when warm conditions prevail (1945) (1946) (1947) (1948) (1949) (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) . The base of the GHSZ (! thickness of GHSZ) is shifted to deeper sediment layers with increasing water depth due to the concurrent rise in hydrostatic pressure and decrease in geothermal heat flow (Table 2) .
Discussion
New temperature measurements at five drill sites along a transect at the upper continental slope off Svalbard are used to constrain the geothermal gradients and thus the gas hydrate stability dynamics. Data from earlier heat-probe measurements within the upper 5-6 mbsf (Berndt et al., 2014) were unable to reach depths of equilibrated temperature conditions in the subsurface, induced by strong seasonal variation of bottom water temperatures. Our new temperature data from depths of up to 28 m are also affected by temperature fluctuations, but from a longer-term, decadal variability (Ferr e et al., 2012 ). Yet these new data can still be used to back-calculate the background thermal gradients using a modeling approach. Our analyses shown here reveal higher geothermal gradients (and thus an overall thinner gas hydrate stability zone; GHSZ) than previously estimated by Berndt et al. (2014) , who used regional heat flow values of $50 mW/m 2 , thermal conductivity values of the bulk sediments ranging from 1.5 to 2.4 Wm 21 K 21 , and thus yielding geothermal gradients ranging from 28 to The method of temperature measurements with MeBo is based on employing MTLs, which is robust and simple to implement with the MeBo drill rig (Kopf et al., 2012) . The MTL is inserted into the sediments and temperatures are measured for $10 minutes allowing in most cases full equilibration of the probe to ambient temperatures. Uncertainties in the determination of the geothermal gradients are mostly from assumed depth of the measurements (within an interval of 25 cm) and overall sparse measurement intervals. Here, the most limiting factor is the overall penetration depth reached with MeBo. Due to the high abundance of glacial dropstones and highly lithified carbonate layers (Bohrmann et al., 2017) , drilling was repeatedly abandoned and new holes had to be drilled for the same site. However, the combined data set of temperature values obtained off Svalbard points toward an average thermal gradient of 38 -418C km 21 . The consistency in temperature record obtained between the various drill sites suggests that the new temperature constraints are robust and we used them subsequently for modeling the dynamic evolution of the gas hydrate system. Porosity values obtained from the cored sediments have a considerable uncertainty (5-10%) due to the method used. However, the conversion from porosity to thermal conductivity is constrained by numerous in situ thermal conductivity measurements from previous heat-probe deployments and thermal conductivities are therefore reasonably well determined at all depths. For the modeling we use an exponentially decreasing best fit to the scattered porosity data (Figure 5a ) ignoring the fast changing variability of the glacially-dominated sediment succession. This best-fit decrease in porosity was then turned into depth-dependent functions of thermal conductivity and heat capacity. Although this approach ignores changes in lithology over the considered depth range of 100 mbsf, adding more complex geology would not significantly alter the general outcome and conclusions of our study as the average physical properties would not be changed. Modeling of the dynamic response of the gas hydrate system over the past 70 years relies on the applied boundary conditions and temperature-forcing. Bottom water temperature changes (Ferr e et al. 2012 ) suggest a $28C bottom water temperature decrease from 1945 until 1980, followed by an increase in temperature by about the same amount until 2016. In contrast, Westbrook et al. (2009) derived a temperature rise of only 18C for the last three decades. On top of this long-term temperature change there is a strong seasonal variability of about 628C (Berndt et al., 2014) . For numerical ease and overall simplicity, we have combined and simplified both trends with a mono-chromatic seasonal variation on top of a V-shaped long-term temperature trend ( Figure 6 ). As this model ignores any previous changes to the temperature regime, it forces the initial boundary condition to be in equilibrium with the starting temperature of 38C at the seafloor and the applied uniform thermal gradients at each modeled site. Any variation prior to 1945 and ''memory'' within the sediment column of previous thermal disturbance is ignored. Therefore, the detailed variation of the evolution in the thickness of the GHSZ is (especially for the initial decade) only to be seen as a conceptual model. The model of the current (August 2016) thickness and horizontal extent of the sI GHSZ superimposed on the seismic image ( Figure 2) should be considered as a theoretical or potential zone of gas hydrate occurrence. In general, the sulfate-methane transition zone above which no gas hydrate can exist has a depth of 5-6 mbsf along the drilling transect visited during cruise MSM57 (Bohrmann et al., 2017) . Therefore, the reported possible maximum vertical extent of the sI stability zone of $4.5 m in August 2016 at Site GeoB21632 and GeoB21639 would generally not be occupied by gas hydrate. However, this does not exclude the possibility of shallow gas hydrate occurrence at localized gas seeps where focused gas advection overcomes the downward diffusion of sulfate (Graves et al., 2017) .
The initial hypothesis by Westbrook et al. (2009) of gas hydrate dissociation induced by bottom water warming seems unlikely to explain the observations and temperature records obtained with MeBo70. Gas venting has been repeatedly seen at the same locations with the same extent along the margin throughout numerous expeditions to the region since the initial observation in 2009 and was again confirmed during MSM57 (Bohrmann et al., 2017) . However, strong seasonal and decadal fluctuations have shifted the GHSZ multiple times across the study region laterally and vertically (Berndt et al., 2014) . In principle, this would have resulted in repeated cycles of local gas hydrate formation followed by dissociation (Figure 12 ), and thus a lateral shift of gas venting if such venting were solely a result of gas hydrate dissociation. The steady location of gas venting thus seems to be controlled by other factors or processes, e.g., structurally confined gas transport along certain sedimentary layers (e.g., Chabert et al., 2011; Rajan et al., 2012; Sarkar et al., 2012) , or possibly by tectonic features as proposed by Mau et al. (2017) .
Conclusion
We present the first deep in situ temperature measurements conducted with the seafloor drill rig MARUM MeBo-70 from the upper slope of the Svalbard continental margin. Drilling was performed along a transect of five sites to investigate the dynamics of the gas hydrate system and associated gas migration. Measured temperatures suggest thermal gradients that vary from 388C km 21 to 418C km
21
, with temperature gradients decreasing slightly with increasing water depth. Measured porosities and calculated thermal Figure 12 . Thickness of the gas hydrate stability zone (GHSZ, solid line) at site GeoB21632. Bottom water temperature applied as model forcing is shown for reference (T BW , gray dotted line, Figure 6 ).
conductivities are used to model the thermal conditions at these sites to define the extent of the gas hydrate stability zone. The data show that only at water depths exceeding $390 m, favorable theoretical sub-seafloor conditions existed for gas hydrate to form during the time of sampling in August 2016. At the drill site in 446 m water depth, the base of gas hydrate stability is estimated at $60 m below seafloor. All other sites were outside the gas hydrate stability regime in August 2016. Strong seasonal and decadal temperature oscillations have a profound impact on the extent of the gas hydrate stability zone. Within a single year the maximum vertical extent is found during summer months when bottom water temperatures are low. Over the 70 year time period considered here , the maximum gas hydrate extent was determined from 1985 to 1990, after a 30 year steady decline in average bottom water temperatures. Since the minimum in bottom water temperatures in 1980, the extent of the gas hydrate stability zone is declining, and the location of flare sites should shift slowly down-slope. If such a shift cannot be documented by future repeat surveys it is likely that the flare locations are geologically controlled.
